c-kit marks late retinal progenitor cells and regulates their differentiation in developing mouse retina  by Koso, Hideto et al.
01 (2007) 141–154
www.elsevier.com/locate/ydbioDevelopmental Biology 3c-kit marks late retinal progenitor cells and regulates their
differentiation in developing mouse retina
Hideto Koso, Shinya Satoh, Sumiko Watanabe⁎
Department of Molecular and Developmental Biology, Institute of Medical Science, University of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo, 108-8639, Japan
Received for publication 31 March 2006; revised 12 September 2006; accepted 14 September 2006
Available online 20 September 2006Abstract
Retinal progenitor cells are believed to display altered proliferation and differentiation during retinal development, suggesting that retinal
progenitor cell populations are not homogeneous. However, the composition of progenitor cell populations is not known, due in part to the lack of
known surface markers identifying distinct stages of retinal progenitor cells. We found a dramatic change in the expression profile of the cell
surface antigens c-kit and stage-specific embryonic antigen-1 (SSEA-1) in retinal progenitor cells during development. While SSEA-1 was
expressed early in development, c-kit expression peaked in late stage progenitor cells. The identification of these developmental markers enabled
us to characterize distinct sub-populations of retinal progenitor cells. Progenitor cell subpopulations expressing either SSEA-1, c-kit, or both
showed different proliferation and differentiation abilities. Although SSEA-1-positive cells were augmented by β-catenin signaling, c-kit-positive
cells were positively regulated by Notch signaling. Taken together, our data suggest that c-kit and SSEA-1 can be used to spatiotemporally
differentiate retinal progenitor populations that have intrinsically distinct characteristics. Prolonged expression of c-kit by a retrovirus resulted in
the promotion of proliferation and the appearance of nestin-positive cells in the presence of the c-kit ligand, stem cell factor (SCF). This suggests a
role for c-kit, Notch, and the β-catenin signaling network in retinal development.
© 2006 Elsevier Inc. All rights reserved.Keywords: c-kit; Neural retina; Progenitor cells; Proliferation; DifferentiationIntroduction
The vertebrate neural retina is organized into a laminar
structure comprised of six types of neurons and a single type of
glial cell. During retinogenesis, these various cell types are
derived from a common population of multipotent retinal
progenitor cells in a relatively fixed chronological sequence
(Marquardt and Gruss, 2002). Intrinsic cues and extrinsic
signaling play critical roles in defining the type of cell generated
from common retinal progenitor cells (Cepko, 1999; Harris,
1997). During the course of development, retinal progenitor
cells are believed to alter intrinsic properties during environ-
mental transitions, so that they can respond to extrinsic signals
and generate the appropriate type of retinal cells (Cepko et al.,
1996). This retinal competence model suggests that retinal
progenitors are not a temporally homogeneous population of
cells. However, the nature of heterogeneous intrinsic properties⁎ Corresponding author. Fax: +81 3 5449 5474.
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doi:10.1016/j.ydbio.2006.09.027remains elusive. This is in part due to the lack of markers
identifying distinct stages of retinal progenitor cells.
Although combinational expression of transcriptional factors
and cell cycle regulators may represent intrinsic properties of
the cells (Marquardt and Gruss, 2002; Ohnuma and Harris,
2003), the intracellular localization of these proteins limits their
usefulness for stem cell enrichment. This demonstrates the
importance of identifying markers on the cell surface of retinal
progenitor cells. Surface antigens allow for the isolation of a
specific subset of progenitor cells from cell mixtures without
damaging the cells, thus making it possible to characterize their
nature and identify the molecules that regulate proliferation and
differentiation. Although several cell surface proteins such as
the epidermal growth factor (EGF) receptor and Flk-1 are
expressed in retinal progenitor cells (Anchan et al., 1991; Yang
and Cepko, 1996), the temporal definition of retinal progenitor
cells in terms of cell surface antigen expression has not been
investigated. Therefore, we sought to identify markers of retinal
stem or progenitor cells using flow cytometry of retinal cells
and an in vitro culture system.
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investigation of multiple surface antigen expression profiles
as well as the temporal dynamics of the co-expression profile
at the single cell level. Furthermore, flow cytometry provides
a way to purify subsets of progenitor cells expressing the
desired combination of surface antigens without damaging
cells. This allowed us to examine whether antigen expression
reflects distinct stages of progenitor cells by culturing the
isolated cells. In hematology, cluster of differentiation (CD)
antigens are widely used to identify and purify certain subsets
of blood cells, including hematopoietic stem cells. However,
this technology and knowledge have not been applied to
retinal cell development.
We screened retinal cells isolated from mice at various
developmental stages for reactivity to a panel of antibodies to
cell-surface antigens and obtained unique expression patterns
of more than 30 antigens in the developing retina. We
identified stage-specific embryonic antigen-1 (SSEA-1), which
is expressed in central nervous system (CNS) stem cells
(Capela and Temple, 2002), as a marker of retinal progenitor
cells in the early immature stage (Koso et al., 2006). SSEA-1
antigen, also known as the CD15 or Lewis X carbohydrate, is
broadly and strongly expressed in the retinal progenitor cells at
an early embryonic stage. As retinal development proceeds to
the perinatal stage, the expression of SSEA-1 becomes weaker
and remains only in the marginal region. Since the progenitor
cells still exist throughout the retina in the early perinatal stage,
this suggests that SSEA-1 is not a pan-progenitor marker, but
marks a sub-population of retinal progenitor cells (Koso et al.,
2006). This notion is supported by the finding that not all
proliferating cells expressed the SSEA-1 antigen in flow
cytometric analysis. By using an antibody to SSEA-1, we were
able to examine a valid developmental problem: temporal
changes in the progenitor cell population and the relevance to
retinal development (Koso et al., 2006). By examining
characteristics of in vitro cultured purified SSEA-1-positive
retinal progenitor cells, we found that SSEA-1 marks an
immature subset of retinal progenitor cells in the peripheral
region of the retina at an early stage (Koso et al., 2006).
However, markers representing the late-stage progenitor cells
remained elusive.
Here, we report c-kit as such a marker of late-stage retinal
progenitor cells, which are localized in the central region of
the developing mouse neural retina. The c-kit protein is a
single transmembrane glycoprotein containing an intracellular
tyrosine kinase domain. The expression of c-kit distinguishes
almost all hematopoietic cell progenitors. Stem cell factor
(SCF), the cognate ligand for c-kit, binds to the membrane-
bound as well as soluble form, both of which are biologically
active (Williams et al., 1992). These forms are expressed not
only in bone marrow stromal cells, but also in various tissues
including brain, liver, kidney, lung, and placenta. Loss-of-
function mutations in the SCF or c-kit gene have demonstrated
the importance of the SCF/c-kit pathway in hematopoiesis,
gametogenesis, and melanogenesis (Witte, 1990). SCF can
induce migration of hematopoietic stem cells, melanoblasts,
and mast cells, and SCF and c-kit also function in the CNS(Jin et al., 2002; Keshet et al., 1991). In the mature retina, c-kit
is expressed in a subset of amacrine cells (Morii et al., 1994).
In addition, positive effects of c-kit signaling on the self-
renewal proliferation of adult retinal stem/progenitor cells have
been reported (Das et al., 2004). However, the expression and
function of c-kit in the developing retina have not been
studied.
Using c-kit and SSEA-1 as markers, we were able to
characterize retinal progenitor cells. Flow cytometric analysis of
retinal progenitor cells revealed that the expression of SSEA-1
and c-kit changes as development proceeds. By comparing c-kit
and SSEA-1 double-positive cells with c-kit single-positive
cells from retina of the same stage, we show that c-kit/SSEA-1
double-positive cells are more immature than c-kit single-
positive cells, suggesting that expression of c-kit and SSEA-1
reflects distinct stages of retinal progenitor cells. As SSEA-1 is
expressed in the peripheral retina, the combination of c-kit and
SSEA-1 represents a spatially distinct retinal progenitor cell
population. The analysis of c-kit and SSEA-1 expression
patterns enabled us to characterize centrally and peripherally
located retinal progenitor cells. Although photoreceptor differ-
entiation proceeds from the central region to the periphery
(Young, 1985), whether retinal progenitor cells have intrinsi-
cally different properties depending on their location was not
known. We compared the c-kit-positive cells and c-kit/SSEA-1
double-positive cells, which correspond to centrally and
peripherally located progenitor cells, respectively, and found
that c-kit/SSEA-1 double-positive cells show stronger prolif-
eration activities than c-kit single-positive cells. This suggests
that peripherally located progenitor cells possess intrinsically
immature characteristics. Furthermore, these subsets of retinal
progenitor cells were differently regulated and possessed
distinct proliferative and differentiation potentials. Finally, we
found that prolonged c-kit activation induced the proliferation
and accumulation of nestin-positive retinal cells. These effects
were in part mediated by a MAPK signaling pathway. Together,
our results demonstrate the identification of a combinational
marker that defines temporally and spatially distinct retinal
progenitor cells.Materials and methods
Mice and reagents
EGFP transgenic mice, which express the EGFP gene ubiquitously via the
CAG promoter, were kindly provided by Dr. M. Okabe (Ikawa et al., 1999;
Okabe et al., 1997) and were maintained on a C57BL/6J background. ICR mice
were obtained from Japan SLC Co. The day that the vaginal plug was found was
considered as embryonic day 0 (E0); and the day of birth, as postnatal day 0
(P0). Recombinant SCF was obtained from WAKO Co.
Fluorescence-activated cell sorting (FACS)
Neural retina was isolated and trypsin-dispersed into single cells and stained
with antibodies as described (Koso et al., 2006). The antibodies used were PE-
conjugated anti-c-kit (1:100, BD Biosciences), PE-conjugated anti-VC1.1
(1:100, Sigma), FITC-conjugated anti-Thy1.2 (1:100, BD Biosciences), anti-
SSEA-1 (1:100, Developmental Studies Hybridoma Bank, or AK-97 1:1000,
kindly donated by Drs. M. Yanagisawa and H. Kojima) antibodies. For intra-
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anti SSEA-1 antibody, fixed with 4% PFA, and then rendered permeable by
incubation for 5 min at 4°C in a 0.1% solution of Triton X-100. Then, the cells
were stained with anti-Ki67 (1:100, BD Biosciences) or anti-βIII tubulin
(BAbCO) antibodies followed by Alexa488-conjugated anti-mouse IgG anti-
body (Molecular Probes). At least 10,000 events of healthy cells or fixed cells
were analyzed with a FACScalibur (BD Biosciences). Sorting was done by using
a FACSVantage or FACS Aria (BD Biosciences). For sorting, live cells were
gated with propidium iodide (PI) staining and forward and side light scattering
as described previously (Koso et al., 2006).
Retinal cultures and retrovirus infection
Retinal explant cultures were prepared as described previously (Tabata et al.,
2004). Reaggregation cultures were set up as described earlier (Koso et al.,
2006) and cultured in DMEM supplemented with N2 (1%, GIBCO), B27 (2%,
GIBCO), and penicillin/streptomycin (GIBCO). Retrovirus vector constructs
were described recently (Koso et al., 2006) and retroviruses were produced and
used for infection of retinal explants as previously described (Ouchi et al., 2005;
Tabata et al., 2004).
DNA construction
A constitutively active mutant of mouse Notch, NICD (RAMIC) was kindly
provided by Dr. T. Honjo (Kato et al., 1997). Mouse Numb was cloned by RT-
PCR according to the published sequence in a database. The NICD and Numb
fragments were subcloned into retrovirus vector pMX-IRES-EGFP. Mouse c-kit
mutants having substitution of cytoplasmic tyrosine residues 567 or 719 with
phenylalanine (Y567F and Y719F) and integrated into the pEF-Bos vector were
kindly provided by Dr. Y. Kanakura (Ueda et al., 2002). The mutant c-kits were
also subcloned into pMX-IRES-EGFP.
Immunostaining
Immunostaining of sectioned or dissociated retina was done as described
previously (Tabata et al., 2004). Primary antibodies used were the following:
mouse monoclonal antibody against SSEA-1 (AK-97, 1:1000), anti-rhodopsin
(Rho4D2, 1:200, kindly donated by Dr. R.S. Molday of The University of
British Columbia), anti-bromodeoxyuridine (1:200, Roche), -Ki67 (1:100, BD
Bioschiences), -HuC/D (1:500, Molecular Probes), and rabbit polyclonal
antibody against GFP (1:5000, Clontech). The first antibodies were visualized
by using appropriate Alexa-488 or Alexa-546-conjugated second antibodies
(Molecular Probes). Samples were mounted in VectaShield (Vector Labora-
tories) and analyzed by using a Zeiss axioplan microscope or Leica fluorescence
dissection microscope (MZFL III).
RT-PCR
Total RNAwas purified from c-kit-positive and -negative retinal cells by use
of TRIZOL reagent (Gibco BRL), and cDNAwas synthesized with Superscript
II (Gibco BRL). All primer sets were tested for several different cycling numbers
(25∼35 cycles) by using rTaq (Takara), and the semi-quantitative cycle number
was determined for each primer set. Bands were visualized with ethidium
bromide.
In situ hybridization
In situ hybridization was performed according to a standard protocol.
Briefly, cryosections were prepared, rehydrated with PBS, sequentially treated
with HCl and proteinase K, and then acetylated in acetic anhydrate solution. The
pretreated samples were next hybridized at 60°C with a DIG-labeled RNA probe
specific for c-kit or SCF for overnight. On the next day, non-hybridized probe
molecules were digested by incubating the samples with RNaseA and the slide
was subsequently extensively washed at 60°C with buffer containing SSC.
Hybridized DIG-labeled RNA probes were detected with alkaline phosphatase-
conjugated anti-DIG antibody and visualized by using the reagents from a BCIP/
NBT solution kit (Nacalai Tesque).Western blotting
Dissociated retinal cells were plated in each chamber of 4 chamber culture
slide (FALCON) coated with 10 μg/ml poly-L-ornithine (Sigma) and 5 μg/ml
fibronectin (Sigma) prior to being incubated in DMEM/F-12 containing 1% N2
supplement, 2% B27 supplement, 10 ng/ml bFGF, and penicilin/streptmycin.
After 2–3 h of incubation at 37°C, the cells were infected by retrovirus encoding
control-IRES-EGFP or c-kit-IRES-EGFP. They were then cultured for 4 days
and stimulated for 5 or 15 min with SCF at the final concentration of 25 ng/ml.
Western blotting was done with PVDF membrane and mouse anti-phospho-
ERK1/2 antibody (Cell Signaling) by following standard protocol. Signals were
visualized by LumiLight (Roche) according to the manufacturer's instruction.Results
Characterization of c-kit-positive cells in the developing retina
Previous reports described the expression of c-kit in
proliferating adult ciliary epithelium (CE) and in amacrine
cells in the adult rodent retina (Das et al., 2004; Morii et al.,
1994); however, its expression in the developing retina had
not been reported. Therefore, we first examined the temporal
expression of c-kit in the mouse neural retina of various
developmental stages by using flow cytometry. Isolated
embryonic or postnatal retinae were dissociated mechanically
by pipetting after incubation in trypsin solution and stained
with anti-c-kit antibody or control IgG. To exclude dead cells
from the analysis, we gated live cells by PI staining using the
Fl-3 window. As shown in Fig. 1A, c-kit expression was
observed in approximately 40% of the cells in the neural retina
derived from mouse embryos at embryonic day 14 (E14), and
its expression increased along with mouse development until
postnatal day 1(P1). In addition, the expression level was also
higher in the P1-derived retina than in the E17-derived one
(Fig. 1B). After birth, the expression of c-kit dramatically
decreased; and at around P7, the c-kit-positive population was
only approximately 5% of the total cell population and never
increased thereafter, even up to the adult age (Fig. 1A). This
transition of c-kit expression along with retinal development
was different from that of SSEA-1 (Fig. 1A, light thick line)
which is expressed dominantly in earlier stages (Koso et al.,
2006). Within the retina derived from adult mice, we found
2% of the cell population to be c-kit-positive (data not shown),
which cells we surmise to correspond to a subset of amacrine
cells, as previously reported (Morii et al., 1994). By RT-PCR,
we then examined whether SCF, the c-kit ligand (Williams et
al., 1992), was expressed in these stages of retina or not and
found that SCF mRNAwas expressed in the retina at all stages
examined (Fig. 1C). In situ hybridization analysis revealed
that SCF mRNA was expressed in ganglion cell layer at P1
stage (Fig. 1D). Similar expression pattern was observed at
E17 and P4 stage derived retina (data not shown).
Next, we examined the spatial localization of c-kit-positive
cells in the developing retina by in situ hybridization analysis of
frozen sectioned sample (Fig. 1D). Within the P1 mouse-derived
retina, strong c-kit expression was observed basal side half of
neuroblastic layer and ganglion layer (Fig. 1D). The intensity of
the signal was strong in the most of center region of the retina
Fig. 1. Characterization of c-kit expression. (A, B) Flow cytometric analysis of c-kit expression at various developmental stages of mouse retina. (A) Percentage of c-
kit-positive cells among total mouse retinal cells from various developmental stages. Percentages were calculated by using Cell Quest™ Pro ver 5.1.1 software (BD
Biosciences). Shadowed line in panel A indicates percentage of SSEA-1-positive cells among total mouse retinal cells adapted from our previous results (Koso et al.,
2006). (B) Histogram patterns of c-kit-positive cells (thick line) and control immunoglobulin stained cells (thin line), with anti-IgG-PE used as the 2nd antibody. (C)
Semi-quantitative RT-PCR of SCF by use of RNA from various developmental stages of mouse retinas. (D) In situ hybridization analysis of c-kit expression in the P1
and P4 and SCF in P1 mouse retinas. Right 2 panels are immunohistochemistry using anti-Ki67 and-HuC/D antibodies in the P1 mouse retinas. The length of the scale
bar is 200 μm for whole retina panel and 50 μm for enlarged panels. GCL, ganglion cell layer; NBL, neuroblastic layer; INL, inner nuclear layer; ONL, outer nuclear
layer. (E, F, G, H) Density plot pattern of double staining with antibodies against c-kit versus Ki67 (E), βIII-tubulin (F), Thy1.2 (G), or VC1.1 (H) for various retinal
stages. The stages are indicated in the left upper corner of each panel. PE was conjugated to the c-kit antibody, and Alexa-488 conjugated second antibody was used for
other antibodies. Alexa-488 and PE fluorescent signals were detected by using Fl-1 and Fl-2 windows, respectively.
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observed in the most marginal region (Fig. 1D, left panel). In the
P4 retina, clear signals were detected in the inner nuclear layer
(INL) and ganglion cell layer (Fig. 1D, right panel).
Since we observed predominant expression of c-kit in the
neuroblastic layer where retinal progenitor cells reside, we nextexamined whether the c-kit-positive cells had characteristics of
retinal progenitor cells or not by various criteria that we had
previously used to identify SSEA-1 as a marker of immature
subset of retinal progenitor cells (Koso et al., 2006). One
important criterion to define the progenitor cells is the state of
cell cycle progression. So we first analyzed the mitotic status of
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nuclear cell proliferation-associated antigen expressed in active
stages of the cell cycle (Gerdes et al., 1983). Ki67 was
expressed in neuroblastic layer of P1 retina (Fig. 1D). Strong
signal was observed in the basal side of neroblastic layer, and
weak signal expanded to apical side. Comparison of c-kit and
Ki67 expression pattern raised the possibility that Ki67-positive
progenitor cells expressed c-kit. Then, dissociated retinal cells
of various developmental stages were stained with both anti-c-
kit and anti-Ki67 antibodies, and their profiles were then
analyzed by flow cytometry (Fig. 1E). With the sample derived
from an E18 retina, a low level of c-kit expression was observed
in a subset of Ki67-positive cells, indicating that the presence of
c-kit does not necessarily indicate proliferating cells (Fig. 1E,
left panel). In the P1 retina, however, more than 80% of the
Ki67-positive cells expressed c-kit, indicating that c-kit was
expressed by most of the retinal progenitor cells (Fig. 1E,
middle panel). When development proceeded to P4, the
population of Ki67-positive proliferating cells decreased.
Most of the remaining Ki67-positive cells were c-kit-positive;
however, a small fraction of c-kit-positive Ki67-negative cells
was present (Fig. 1E, right panel, dotted square). Taking the
results of in situ hybridization analysis (Fig. 1D) into
consideration, these c-kit-positive Ki67-negative cells at this
stage probably represent a subset of amacrine and ganglion
cells.
To confirm this notion, we next examined whether the c-kit-
positive cells co-expressed neuronal markers or not (Figs. 1F, G,
H). HuC/D is a nuclear protein and expressed in ganglion and
amacrine cells (Ekstrom and Johansson, 2003). Comparison of
the expression pattern of HuC/D and c-kit (Fig. 1D) suggested
that subsets of ganglion and amacrine cells may express c-kit.
βIII tubulin is expressed by differentiated neurons including
ganglion and amacrine cells at their early stage, and is expressed
by most retinal neurons at P 7 (Sharma et al., 2003). When we
double-stained retinal cells with anti-βIII-tubulin and -c-kit
antibodies, we found some double-positive cells although most
of the c-kit-positive cells were found in the βIII-tubulin-
negative fraction at least from E18 to P4 stages (Fig. 1F).
Thy1.2 is a marker of ganglion cells (Barnstable and Drager,
1984), and VC1.1 is one of amacrine cells (Arimatsu et al.,
1987). Thy1.2-positive cells at P1 expressed c-kit at a low level
(Fig. 1G). Likewise, VC1.1-positive cells also expressed c-kit at
a low level (Fig. 1H). In summary, c-kit was expressed at a high
level by most retinal progenitor cells derived from mice, and a
low level of expression remains in ganglion and amacrine cells
at the age over P1.
In vitro differentiation and proliferation of c-kit-positive cells
As c-kit is expressed in most of the retinal progenitor cells, c-
kit may provide a way to purify progenitor cells from
developing retina. To address this possibility, we examined
the proliferation and differentiation activities of isolated c-kit-
positive cells by use of an in vitro culture system. We employed
re-aggregation cultures, which had earlier been shown to be an
excellent model system to examine proliferation and differ-entiation of retinal progenitors in vitro (Koso et al., 2006;
Watanabe and Raff, 1990). In this system, the cells proliferate
and differentiate into rod photoreceptor cells in a similar fashion
as occurs in vivo (Koso et al., 2006; Watanabe and Raff, 1990).
By culturing labeled donor cells with an excess number of un-
labeled host retinal cells, we could evaluate the intrinsic
character for proliferation and differentiation of the donor cells
in a defined environment (Belliveau and Cepko, 1999; Koso et
al., 2006). To distinguish transplanted cells from host cells, we
used neural retina derived from EGFP transgenic mice (Ikawa et
al., 1999; Okabe et al., 1997) as the source of donor cells (Koso
et al., 2006). Neural retina derived from EGFP Tg mice at P1
was isolated, dissociated, and was stained with anti-c-kit
antibody. Then, c-kit-positive and -negative cells were purified
by means of cell sorting (Fig. 2A). The purity of c-kit-positive
and -negative cells was nearly 90% and more than 95%,
respectively. The isolated c-kit-positive or -negative cells
derived from EGFP Tg mice were mixed with an excess
number of dissociated E17 un-fractionated host retinal cells
from normal mice to prepare re-aggregation cultures. We first
compared c-kit-positive and -negative populations for their
ability to differentiate into rod photoreceptor cells (Fig. 2B).
The rod photoreceptor cells are the largest population among the
subpopulations of retinal cells; and they differentiate during the
last stage of retinal development (Marquardt and Gruss, 2002),
suggesting rhodopsin to be a suitable marker to evaluate the
differentiation ability of the retinal cells. The expression of
rhodopsin was found in less than 3% of the cells derived from
the c-kit-positive cells but in more than 10% of those derived
from the c-kit-negative cells at the 5th day of the culture.
Thereafter, the percentage of rhodopsin-positive cells in both c-
kit-positive and -negative populations increased with culture
time. However, up to the 16th day of culture, the number of
rhodopsin-positive cells in the c-kit-positive population was still
lower than that of the c-kit-negative one. These findings suggest
that the progenitor cells contained in the c-kit-expressing
population were at a more immature stage of the cell differ-
entiation process.
To assess the difference in proliferative activity between c-
kit-positive and -negative populations, we next analyzed the
incorporation of BrdU in the cultures. Re-aggregation cultures
prepared from P1 mice were pulse-labeled with BrdU for 18 h,
and the cells were then dissociated and double-stained with anti-
BrdU antibody and anti-GFP antibody to enhance the EGFP
signal. More than 10% of the c-kit-positive cells incorporated
BrdU, in contrast to only 2% for the c-kit-negative populations
(Fig. 2C).
Retinal progenitor cells at P1 are reported to respond to
growth factor stimuli (Lillien and Cepko, 1992). So we
analyzed BrdU incorporation in the presence of bFGF or EGF
and found that either bFGF or EGF enhanced the incorporation
by c-kit-positive cells dramatically. However, BrdU incorpora-
tion by the c-kit-negative cells was not changed by the presence
of either growth factor (Fig. 2C). To rule out a lack of receptor
expression as the reason for the unresponsiveness of the c-kit-
negative population, we examined the expression of receptors
for FGF and EGF by semi-quantitative RT-PCR. Both receptors
Fig. 2. Proliferation and differentiation of c-kit-positive and -negative cells in re-aggregation cultures. (A) Dot plot pattern of EGFP (Fl-1) versus c-kit antibody
staining (PE: Fl-2) of P1 neural retina derived from EGFP transgenic mice. Patterns of cells fractionated by FACSAria cell sorter according to the expression of c-kit
are shown. The left panel shows c-kit-positive cells, and the purity of c-kit/EGFP double-positive cells (UR) was 88.4%. Right panel shows c-kit-negative cells, with
the purity of the SSEA-1-negative and EGFP-positive cells (LR) being 96.9%. (B–D) Re-aggregation cultures consisting of a mixture of donor cells and host cells were
prepared to analyze differentiation (B) and proliferation (C, D) of c-kit-positive and -negative cells. c-kit-positive or -negative retinal cells derived from the EGFP
transgenic mice at P1 were mixed with a large excess number of retinal cells from normal mice at the same age. (B) Rhodopsin-expressing cells (%) among total EGFP-
positive cell population. Re-aggregation cultures were harvested on the indicated day of the culture, and the cells were replated on a chamber glass slide and
immunostained with antibodies against GFP and rhodopsin. (C, D) BrdU-incorporating cells (%) among the EGFP-positive cell population in re-aggregation culture in
the presence of indicated concentration of bFGF, EGF, or SCF were examined. Retinal cells were prepared from P1 mice, and BrdU was added for the last 18 h of
3 days culture; and the cells were then harvested, dissociated, and replated on chamber glass slides. After they had been immunostained with antibodies against GFP
and BrdU and stained with DAPI, more than 100 GFP-positive cells were counted for each sample under a fluorescence microscope. Error bars represent standard error
of the mean.
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(Fig. 3A), thus indicating the improbability of the above reason.
We then analyzed the effect of SCF on the BrdU incorporation
by c-kit-positive cells. However, the presence of SCF did not
affect BrdU incorporation in the control (Fig. 2D, left panel),
and the incorporation augmented by bFGF or EGF was also
unaffected by the c-kit ligand. Furthermore, the addition of SCF
to cultures treated with a sub-optimal dose of bFGF had no
effect on the incorporation (Fig. 2D, right panel). These findings
are consistent with the idea that c-kit-positive fraction enriches
retinal progenitor cells and c-kit-negative fraction enriches
postmitotic cells from developing retina.
Differential expression of genes and their regulatory roles in
c-kit-positive cell
To characterize the c-kit-positive retinal subpopulation at the
molecular level, we next examined the expression of various
genes involved in proliferation and differentiation of retinal
cells by performing semi-quantitative RT-PCR on RNA purified
from c-kit-positive and -negative cells from P1 mice (Fig. 3A).
CyclinD1 is a marker of cell cycle progression and reported to
be expressed in retinal progenitor cells (Fantl et al., 1995;
Sicinski et al., 1995). Chx10 is expressed by retinal progenitor
cells and bipolar cells, and plays an important role in theproliferation of retinal progenitor cells (Burmeister et al., 1996).
We found that both cyclin D1 and Chx10 were expressed only
by the c-kit-positive cell. Crx and Nrl are reported to function
importantly in photoreceptor cell development (Furukawa et al.,
1999; Mears et al., 2001; Morrow et al., 1999), and only the c-
kit-negative cells expressed these genes. NeuroD and Math3 are
expressed by amacrine cells and photoreceptors, and both have
roles in amacrine and rod photoreceptor development (Inoue et
al., 2002). NeuroD and Math3 were expressed at a slightly
higher level in the c-kit-negative fraction than in the c-kit-
positive one, suggesting that some of the ganglion and amacrine
cells expressed c-kit at a low level, which is in accordance with
our above findings that Thy1.2- and VC1.1-positive cells
expressed c-kit at a low level (Figs. 1G, H). These results
indicate that the c-kit-positive fraction was enriched in
proliferating progenitors, with the c-kit-negative fraction
being enriched in cells in a more advanced stage of retinal
differentiation.
Hes1 and Hes5, which are effectors of Notch signaling
(Kageyama et al., 2005), were exclusively expressed in the c-
kit-positive cells. However, Notch was expressed in both
populations. To test the effect of activation of Notch signaling
on the c-kit-positive population, by retroviral infection (Koso et
al., 2006; Ouchi et al., 2005) we mis-expressed NICD, an active
Notch mutant, which encodes only the intracellular domain of
Fig. 3. Gene expression pattern of c-kit-positive and -negative cells and effect of
expression of Notch signaling related molecules. (A) Semi-quantitative RT-PCR
of c-kit-positive and -negative populations from P1 mouse retina. Products of
RT-PCR were separated through 1% agarose gel and visualized with ethidium
bromide. G3PDH was used as a control. The experiments were done at least
twice for all primers, with independently prepared samples used for each
experiment, and essentially the same results were obtained each time. (B, C)
Retrovirus-mediated expression of NICD or Numb. Retinal explants prepared
from P1 mouse retinas were infected with retrovirus containing EGFP, NICD-
IRES-EGFP, or Numb-IRES-EGFP and cultured for 4 days. Then the explants
were dissociated, and the expression of c-kit in EGFP-positive and -negative
cells was examined. Typical flow cytometric patterns (B) and calculated values
(%) of c-kit-positive cells in either in EGFP-positive or -negative cells are shown
(C). (D) Immunohistochemical analysis of sections of retinal explant infected
with retrovirus containing control EGFP (left panel), NICD-IRES-EGFP
(middle panel), and Numb-IRES-EGFP (right panel). Immunostaining was
done by using anti-EGFP (green) antibody and nuclear staining was done with
DAPI (blue). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer.
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competitive inhibitor, Numb, in retinal explants derived from P1
mice. After the retrovirus infection, the retinal explants werecultured for 4 days; and then they were dissociated and analyzed
for their c-kit expression by FACS (Fig. 3B) in order to calculate
the size (%) of their c-kit-positive population (Fig. 3C). In the
NICD retrovirus infected explant samples, more than 50% of
the NICD-expressing cells expressed c-kit in contrast to
approximately 10% of the control cells (Figs. 3B, C). When
the explants were infected with the Numb-expressing virus, the
percentage of c-kit-positive cells among the total EGFP-positive
cell population was almost the same as that of the cells that had
not become infected (EGFP-negative) or that of the cells among
the control EGFP virus-infected population expressing EGFP
(Figs. 3B, C). These data suggest that the activation of Notch
signaling positively regulated c-kit expression. We then
analyzed subretinal localization of these cells by immunostain-
ing. Cells infected by control virus distributed both in INL and
outer nuclear layer (ONL, Fig. 3D, left panel) which is in
accordance with our previous results (Ouchi et al., 2005). Most
of the cells infected by virus expressing NICD distributed in
INL (Fig. 3D, middle panel) which corresponds to the layer in
which c-kit is dominantly expressed (Fig. 1D). By contrast, cells
infected by virus expressing Numb preferentially distributed in
ONL (Fig. 3D, right panel). Taking these results together, it was
indicated that the activation of Notch signaling led retinal
progenitor cells to locate at c-kit-positive layer and keep c-kit
expression at high level and suggested a positive link between
Notch signaling and c-kit expression.
Characterization and prospective analysis of c-kit-positive
cells with high SSEA-1 expression
We had previously shown that SSEA-1 marked an immature
subpopulation of retinal progenitor cells (Koso et al., 2006) and
presently showed that the peak of c-kit expression during retinal
development (at around birth) was different from that of SSEA-
1 expression, which peaked earlier, at around E14 (Fig. 1A). In
addition, SSEA-1 was earlier found to be expressed only in the
peripheral region of the retina around birth (Koso et al., 2006),
suggesting a difference also in the spatial distribution of these
antigens in the retina. Therefore, we next asked whether the
transition of the combinatorial expression of SSEA-1 and c-kit
could be a marker to subdivide retinal progenitor cells into more
detailed stages of cell differentiation lineage or not. For that
purpose, we first examined the expression of SSEA-1, c-kit and
Ki67 by triple staining of retinal cells at various developmental
stages (Figs. 4A–I). Retinal cells were obtained from E18, E19
and P1 mice, and stained with antibodies anti-Ki67 (Alexa488:
Fl1), -c-kit (PE:Fl2) and -SSEA-1 (APC:Fl4). The Ki67
expression pattern versus SSC at various stages is shown in
Figs. 4A, D, and G. Then, we compared the expression of c-kit
and SSEA-1 antigens in Ki67-negative (Figs. 4B, E, H) and
-positive (Figs. 4C, F, I) fractions. In the E18 retina, the c-kit
expression level was still low; but Ki67-positive cells were
mainly distributed in the c-kit/SSEA-1 double-positive region
and SSEA-1 single-positive region (Fig. 4C). Ki67-negative
cells were mostly in the double-negative (lower left) region
(Fig. 4B). After development had proceeded for 1 day (E19), the
c-kit expression level increased as shown in Fig. 1B, and Ki67-
Fig. 4. Analysis of c-kit and SSEA-1 for proliferation and differentiation. (A–I) Retinal cells from various developmental stages of the mice were dissociated and
immunostained with antibodies against Ki67, c-kit and SSEA-1. Ki67 versus SSC (side scatter), with Ki67-positive and -negative gates indicated (A, D and G) and c-
kit versus SSEA-1 of Ki67-negative fraction (B, E, H) and -positive fraction (C, F, I) are shown. (J) Patterns of cells fractionated according to the expression of SSEA-1
and c-kit by using the FACSAria cell sorter and cells from P1 mouse-derived retina. The upper panel shows c-kit-positive SSEA-1-negative fraction; and the lower one,
c-kit/SSEA-1 double-positive cells. Fractioned cells were subjected to BrdU incorporation assay and differentiation analysis by re-aggregation culture. (K) BrdU
incorporation by fractionated c-kit single-positive cells and c-kit/SSEA-1 double-positive cells in the absence or presence of FGF or EGF. (L) Immunohistochemical
analysis of rhodopsin, glutamine synthetase (GS) and VC1.1 was done using re-aggregation cultures at day 15.
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double-positive (upper right) region, but there were significant
numbers of these cells in the c-kit single-positive region (upper
left) and SSEA-1 single-positive region (lower right). Again,
Ki67-negative cells were mostly in the double-negative cell
population (Fig. 4E). When we examined the P1 retina, Ki67-
positive cells were almost exclusively distributed in the SSEA-
1/c-kit double-positive and c-kit single-positive regions (Fig.
4I). Ki67-negative cells were mostly in the double-negative
region, but there were still a significant number of c-kit single-
positive non-proliferating cells (Fig. 4H). These results show
clearly that Ki67-positive progenitor cells changed their c-kit
and SSEA-1 expression patterns along with development and
that the proliferative cells in the P1 retina were mixture of cells
expressing c-kit and SSEA-1 at different levels.
Since the proliferative cells in P1 neural retina contained
both c-kit/SSEA-1 double-positive and c-kit single-positive
populations, we next asked which population was in a more
immature state by examining their in vitro proliferation
activities. We fractionated P1 “green” mouse-derived retina
into c-kit/SSEA-1 double-positive cells and c-kit single-positive
cells by cell sorting (Fig. 4J), and then examined their BrdU
incorporation in re-aggregation cultures (Fig. 4K). We found a
larger population of proliferating cells in the c-kit/SSEA1
double-positive population than in the c-kit-positive/SSEA-1-
negative one (Fig. 4K). However, when BrdU incorporation
was examined in the presence of bFGF or EGF, only the c-kit
single-positive population responded to these stimulations.
Since SSEA-1-positive cells are localized in the peripheral
region of the P1 retina (Koso et al., 2006), these results indicate
that peripherally located double-positive cells and centrally
located c-kit single-positive retinal progenitor cells possess
different intrinsic properties with respect to the regulation of
proliferation.
Next, we compared ability of differentiation between c-kit/
SSEA1 double-positive and c-kit single-positive populations in
vitro. Retinal progenitor cells generate multiple cell types in a
relatively fixed chronological sequence. Retinal ganglion cells
and horizontal cells are born first, followed by cone
photoreceptor cells, amacrine cells, rod photoreceptor cells,
and bipolar cells. Finally, Muller glia cells are born and
differentiate (Cepko, 1999). After 14 days of re-aggregation
culture, cells were dissociated and counted the number of cells
expressing differentiation markers of retinal subtypes. Retinal
progenitor cells in P1 retina generate late-born cell types
including rod photoreceptor, bipolar cells, and Muller glia cells
(Marquardt and Gruss, 2002; Cepko, 1999). We examined
rhodopsin (rod photoreceptor) and glutamine synthetase
(Muller glia cells) as markers for late-born subtypes, and
VC1.1 (amacrine cell) as an early-born cell type. The expression
of VC1.1 was found in less than 2% of the cells derived from
both c-kit/SSEA-1 double-positive cells and c-kit single-
positive cells. The expression of rhodopsin was found to be
less than 40% in c-kit/SSEA-1 double-positive cells but in
nearly 60% of those derived from the c-kit single-positive cells.
By contrast, the expression of glutamine synthetase was found
to be more than 20% in c-kit/SSEA1 double-positive cells but inless than 10% in those derived from the c-kit single-positive
cells. In summary, c-kit/SSEA-1 double-positive cells differ-
entiate into a larger number of Muller glia cells and a smaller
number rod photoreceptor cells. These results indicate that
peripherally located double-positive cells and centrally located
c-kit single-positive retinal progenitor cells possess different
intrinsic properties with respect not only to proliferation but also
to differentiation. Moreover, longer period of proliferation in c-
kit/SSEA-1 double-positive cells may result in a larger number
of late born cell type than c-kit single-positive cells.
Ectopic activation of c-kit in retinal cells induced proliferation
and resulted in the appearance of nestin-positive cells in the
retinal explant
Since c-kit expression disappeared dramatically after birth,
by retrovirus-mediated expression of c-kit, we next examined
whether or not continuous expression of c-kit in the retina after
birth would affect the proliferation and differentiation of retinal
cells. Retinal explants prepared from an E18 mouse were
infected with retrovirus encoding the cDNA of wild-type c-kit
followed by IRES-EGFP; and after 3 days of culture, c-kit
expression was examined by FACS (Fig. 5A). The control
EGFP-expressing cell population contained both c-kit-positive
and -negative cells, whereas the c-kit-IRES-EGFP virus-
infected cell population contained only c-kit-positive ones
(Fig. 5A, right panel). In addition, the expression level of c-kit
in this sample was higher than that in the control samples. We
next analyzed their proliferation by examining colony forming
activities in the presence or absence of SCF in re-aggregation
culture. P0 mouse derived retina was infected overnight with
retrovirus encoding control EGFP or c-kit-IRES-EGFP, and
then the cells were dissociated and allowed to re-aggregate.
Then, the number of cells in each colony was counted after
6 days of culture (Fig. 5B). As shown in the upper panel of Fig.
5B, about 80% of the cells in the control EGFP virus-infected
samples remained as single cells in the absence of SCF, and the
addition of SCF had no effects on this percentage. In the case of
the c-kit-IRES-EGFP cells, more than 80% cell remained as
single cells in the absence of SCF (Fig. 5B, lower panel), value
similar to that for the control cells. However, the addition of
SCF enhanced colony formation, as the number of cells that
remained single was reduced to about half of that in the absence
of SCF (Fig. 5B, lower panel). Concomitantly, the number of
colonies with multiple cells increased dramatically. Different
doses of SCF (12.5 ng/ml and 100 ng/ml) had similar effects on
the colony formation (Fig. 5B, lower panel), suggesting that
saturation had occurred at 12.5 ng/ml of SCF or lower.
Next, we then examined the differentiation of c-kit
expressing cells by infecting retinal explant culture with
retrovirus vectors. The explants were prepared from P0
mouse-derived retina, and incubated overnight with retrovirus
encoding IRES-EGFP or c-kit-IRES-EGFP. Then the explants
were cultured for 10 days in the presence or absence of SCF,
after which immunostaining for the Muller glia cell marker
glutamine synthetase (GS), the rod photoreceptor marker
rhodospin, and EGFP was done in the presence or absence of
Fig. 5. Retrovirus-mediated c-kit expression in retinal explant culture. Retrovirus encoding IRES-EGFP or c-kit-IRES-EGFP was used to infect into neural retina. (A)
FACS patterns of retinal cells infected with control (upper panel) or c-kit-IRES-EGFP (lower panel) retrovirus. Retinas from E18 mice were infected with the viruses
and after 3 days of culture, the cells were dissociated and stained with anti-c-kit antibody. (B) Colony-forming activity. Retinas from P0 mice were infected with the
control (upper panels) or c-kit-ERES-EGFP (lower panels) viruses, and reaggregation culture was prepared in the absence or presence of the indicated doses of SCF.
After 6 days, colony size was examined under a microscope after immunostaining with anti-GFP antibody. Average size of colonies was calculated (right panels). (C,
D) After viral infection of retinas taken from P0 mouse, explants were cultured for 10 days in the presence or absence of SCF. The distribution of virus-infected cells in
ONL and INL (left panels) and the differentiation status of virus-infected cells examined by immunostaining of the explant with anti-GS (for Muller glia), -rhodopsin
(for rod photoreceptor cells), and -nestin (immature or glia cells) antibodies (C; right panels and D) are shown. The population of signal-positive cells is shown in panel
C (right panels), and views of frozen sections stained with anti GFP (green) and GS or nestin (red) antibodies are shown in panel D (ONL at bottom). (E) Dose
requirement for induction of nestin expressing cells in reaggregation cultures. P0 retinas were infected with the c-kit virus (left panel) and control virus (right panel),
and cells were dissociated and replated in the presence of the indicated doses of SCF. The cells were cultured for 6 days and then stained with anti-GFP and nestin
antibodies. (F, G) Requirement of cytoplasmic tyrosine residues of c-kit for proliferation and induction of nestin expressing cells. Retinal cells at P0 were infected with
control IRES-EGFP, c-kit-IRES-EGFP, c-kitY567F-IRES-EGFP, or c-kitY719F-IRES-EGFP, and reaggregation culture was prepared and incubated for 6 days in the
presence of SCF (25 ng/ml) or SCF plus PD98059. Distribution of size of colonies of each sample (F, left panel), and the average size of colonies (F, right panel). The
proportion of nestin-positive cells in each sample is also given in panel G. (H) Activation of Erk signaling pathway. Retina at P0 was infected with control or c-kit-
IRES-EGFP viruses, and the explants were prepared. SCF (25 ng/ml) was added, and cells were harvested after the indicated incubation times. Cell lysates were then
prepared and Western blotting was done by using anti-Erk2 and-phospho-Erk2 antibodies (left panel). In the right panel, control DMSO or PD98059 (PD) was added
simultaneously with SCF, and phosphorylation of Erk2 was examined as described for the left panel.
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infected cells in the retinal sublayers. We found that, in the case
of control EGFP virus, the population in the inner nuclear layer
had increased and that in the outer nuclear layer had decreased
in the presence of the SCF (Fig. 5C, upper left panel; Fig. 5D).Then the cell differentiation was examined. As shown in Fig.
5C upper right panel, the number of GS and nestin-positive cells
was slightly increased, and the number of Rhodopsin-positive
cells was deceased a little. In contrast, c-kit virus infected cells
distributed preferentially in INL (Fig. 5C lower left panel; Fig.
151H. Koso et al. / Developmental Biology 301 (2007) 141–1545D). We found that cells located in INL had larger morphology
extending cell process across retina, and some cells accumu-
lated at outer membrane (Fig. 5D). Immunostaining revealed
that these cells were nestin and GS-positive (Fig. 5D). We
further examined differentiation ability precisely by immunos-
taining of marker proteins in dissociated explant culture. The
number of GS-positive cells was significantly higher in the
presence of SCF, which was in contrast to the dramatically
decreased number of rhodopsin-positive cells. Interestingly,
when we examined the expression of nestin, a marker of
immature neural cells, the number of nestin-positive cells was
increased in the presence of SCF (Fig. 5C, lower right panel).
These findings on GS and nestin were confirmed by the
immunostaining of frozen sections of retinal explant (Fig. 5D).
Interestingly, we found some EGFP-positive cells at the outer
edge of the SCF-treated explants, and these cells expressed
nestin (Fig. 5D). Next we examined whether SCF could induce
nestin expression in reaggregation culture or not in the presence
of various doses of SCF. In the case of control virus, the only
subtle increase of nestin-positive cells was observed in the
presence of SCF. In contrast, in the case of c-kit virus, the
number of nestin EGFP double-positive cells drastically
increased in response to the SCF in a dose-dependent manner.
In the presence of 100 ng/ml of SCF, nearly 80% of the EGFP-
positive cells expressed nestin (Fig. 5E). Interestingly, the dose
requirement for nestin expression was much higher than that for
proliferation, suggesting that different mechanisms are utilized
for these processes. These results indicate that the c-kit signal
inhibited retinal progenitor cells from differentiating into rod-
photoreceptor cells and kept them in a nestin-positive immature
state by preventing exit from the cell cycle. These results
suggest the possibility that down-regulation of c-kit expression
plays an important role in the transition from proliferation to
differentiation of retinal progenitor cells.
Requirement of MEK signaling pathway downstream of c-kit
for promotion of proliferation and appearance of
nestin-positive cells
Signaling event downstream of c-kit have been well
documented (Lennartsson et al., 2005). To examine the
signaling required for the phenomenon observed after ectopic
expression of c-kit in the presence of SCF, we used c-kit
mutants having a point mutation in certain cytoplasmic tyrosine
residues. Tyrosine 719 is known to be responsible for PI-3K
activation (Hashimoto et al., 2002; Ueda et al., 2002), and
tyrosine 567 is associated with the activation of Src kinase, p38
MAPK-mediated Ca(2+) influx, and Erk1/2 (Ueda et al., 2002).
Using retroviruses encoding these c-kit mutants and IRES-
EGFP, we examined the requirement of tyrosine 567 and 719
for proliferation and induction of nestin expression in retinal
reaggregation cultures. As shown in Fig. 5F, in the c-kitY567F-
expressing population, 75% of the cells remained single,
suggesting the mutant Y567F to be less potent in inducing
colonies than the wild-type c-kit. In contrast, only 60% of the c-
kitY719F cells remained as single colony, which was compar-
able to that for the wild-type c-kit cells. When we compared theaverage number of cells per colony among these samples, c-
kitY567F virus-infected cells showed a significantly lower
average colony size (Fig. 5F, right panel). The average number
of c-kitY719F expressing cells was between that of wild-type c-
kit- and c-kitY567F-expressing cells. Similarly, the ability of c-
kitY567F to induce nestin expression was weaker than that of
wild-type c-kit (Fig. 5G); and c-kitY719F showed an ability
between the wild-type and Y567F (Fig. 5G).
Since Y567F is known to be defective in activating MEK
signaling pathway, we next examined whether the addition of
SCF would activate MEK signaling in the retina or not by
performing Western blotting with anti-phospho-ERK2 anti-
body. As shown in Fig. 5H, the addition of SCF led to
phosphorylation of ERK2 even in the control virus-infected
retina. In the retina infected with c-kit-IRES-EGFP, SCF-
induced phosphorylation of ERK2 was strongly observed.
PD98059 is an inhibitor of MEK, which is in upstream of ERK,
and the addition of PD98059 suppressed wild-type c-kit and
SCF-induced colony formation and nestin-positive cell-induc-
tion in the reaggregation cultures (Figs. 5F, G). Furthermore,
addition of PD98057 also suppressed SCF-dependent phos-
phorylation of ERK2 (Fig. 5H, right panel), suggesting the
involvement of activated MEK signaling via c-kit in SCF-
induced proliferation and nestin expressing cell-induction.
Discussion
c-kit marked immature subset of neural retina distinct from the
subset expressing SSEA-1, and the dominant population of
progenitor cells changes along with development
Defining temporally and spatially distinct progenitor cells by
their surface antigen expression enables us to isolate retinal
progenitors at distinct stages and compare the characteristics and
gene expression patterns among them. This analysis provides a
critical molecular basis to define the precise lineage of retinal
progenitor subpopulations, which have temporally and spatially
distinct natures. In this present study, we showed that c-kit defined
a regionally and temporally restricted immature subset of retinal
progenitor cells. We found that most of the retinal progenitor cells
at the age after P1 expressed c-kit and that these cells were
distributed throughout the ventricular region of the retina. As c-kit
ligand SCF is expressed in ganglion cell layer, it is possible that
ganglion cell is a source of signal which acts on progenitor cells in
ventricular zone. This type of spatial distributionwas also reported
for Shh (Jensen andWallace, 1997) and VEGF (Yang and Cepko,
1996). In contrast, our previous study showed that, at an earlier
stage, such as E14, most of the retinal progenitor cells express
SSEA-1 and that as development proceeds, the SSEA-1-
expressing regions become restricted to the peripheral region
(Koso et al., 2006), suggesting that the expression patterns of
SSEA-1 and c-kit indicate distinct spatial and temporal differences
in retinal progenitor cells. In the E19 retina, the c-kit-negative
retinal progenitor cells with high SSEA-1 expression may
represent the early stage of progenitor cells, and this population
is surmised to be cells at the transition point of developing into c-
kit-positive cells at a later stage. Our finding that c-kit-positive
152 H. Koso et al. / Developmental Biology 301 (2007) 141–154cells with high SSEA-1 expression showed higher proliferative
potential than the c-kit-positive ones with low SSEA-1 expression
is in consistent with the view that progenitor cells located in the
peripheral region have intrinsically higher proliferative potential.
By our experiments, we succeeded in identifying in detail the early
cell lineage of the neural retina in terms of c-kit and SSEA-1
expression and showed these cell pools to have defined spatial
distribution. In addition, we propose that the balance of cell pools
at different stages may change during development (Fig. 6),
resulting in different c-kit and SSEA-1 expression profiles during
development.
Intrinsic properties and extracellular cues regulating
proliferation and differentiation of retinal progenitor cells
Although classical experiments showed the importance of
spatial localization of cells for retinal development (Young, 1985),
as well as the presence of immature progenitor cells in the
peripheral region of the retina, the contribution of extrinsic cues
and intrinsic properties to this spatial gradient is still unclear. The
distinct intrinsic character of retinal progenitor cells depending on
their location was revealed at the molecular level by our
observation that c-kit-positive cells with low SSEA-1 expression
responded to a growth factor stimulus more strongly than c-kit-
positive marginal cells with SSEA-1-high expression. A differ-
ence in retinal cell response to bFGF or EGF caused by a
difference in the expression level of their receptors was reported
(Das et al., 2004; James et al., 2004). However, we found that c-
kit-positive cells with high or low SSEA-1 expression expressed
the receptors at similar levels. Therefore, the selective competence
for response to growth factor stimuli was not caused by the lack of
expression of receptor but perhaps by some difference in
downstream signaling events. We are continuing to examine the
response of these distinct progenitor populations to growth factors
to clarify the role of extrinsic factors in early retinal development.
Since retinal progenitor cells transit from c-kit/SSEA-1
double-positive cells to c-kit single-positive cells, we surmised
that the double-positive cells differentiate early born cells types,
while single-positive cells differentiate late born cell types.Fig. 6. Schematic drawing of retinal progenitor cell development. (A) Transition
of c-kit and SSEA-1 expression during development of retinal progenitor cells.
(B) Retinal cell pools in early and late stages of developing retina.However, by comparison of differentiation potential between c-
kit/SSEA-1 double-positive and c-kit single-positive cells, we
found that the double-positive cells differentiated into larger
number of Muller glia cells and smaller number of rod
photoreceptor cells than c-kit single-positive cells. This
phenomenon can be interpreted by the idea that timing of cell
cycle exit plays critical role for cell fate decision (Ohnuma and
Harris, 2003). As c-kit/SSEA-1 double-positive cells have
strong proliferation potential, they are expected to proliferate for
longer period leading to delay of cell cycle exit and generation
of late born cell types. Another possibility is that c-kit/SSEA-1
double-positive fraction included larger number of cells
committed to differentiate into late born cell types than c-kit
single-positive fraction. Currently, we do not have conclusive
results explaining either possibility, but further study may give
important information regarding mechanism of cell fate
decision in retinal differentiation.
Role of Notch signaling in retinal development
We observed that activation of Notch signaling enhanced the c-
kit-positive cell population. Interestingly, our previous observation
that the expression of NICD does not affect SSEA-1 expression
(Koso et al., 2006) suggests that Notch did not simply expand
immature fractions but more specifically affected the c-kit-positive
fraction. c-kit is known to be activated both transcriptional and
post-transcriptional levels in pro-B cells by Notch activation
(Hoflinger et al., 2004). Notch signaling was reported to have roles
in maintaining retinal progenitor cells in an uncommitted state and
in promoting glial cell differentiation (Das et al., 2004; Furukawa
et al., 2000; James et al., 2004). Furthermore, it has been proposed
that Notch suppresses cellular commitment to early stem/
progenitor cells but that the effects later switch to promote
gliogenesis (Das et al., 2004; James et al., 2004). Therefore, our
observation of an increased c-kit-positive population among the
NICD-expressing cells may have been due to prolonged
maintenance of c-kit-positive progenitor cells by the classical
inhibitory influence of Notch signaling on cell differentiation.
We reported that Wnt signal maintained SSEA-1-positive
cell population (Koso et al., 2006), but Wnt signaling did not
affect c-kit-positive cells (data not shown). Therefore, Wnt and
Notch signalings are supposed to be specific to SSEA-1 and c-
kit populations. As SSEA-1 and c-kit expression represents
temporally and spatially distinct characters of retinal progenitor
cells, Wnt activation was observed only in peripheral region of
the retina (Liu et al., 2003) and Hes-1, which is a target of Notch
signaling, is expressed throughout the ventricular zone of
developing retina (Jarriault et al., 1995; Tomita et al., 1996).
Taking these results together, we proposed temporally and
spatially differential regulation of retinal progenitor cells by
combination of Wnt and Notch signaling pathways.
The role of c-kit signals via cytoplasmic tyrosine residues of
c-kit
c-kit expression was drastically extinguished at around
postnatal day 5, and this is the stage when almost all the retinal
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differentiation. We examined a possible link between c-kit
signaling and cell cycle regulation of progenitor cells by
prolonging the expression of c-kit in the retina. Although the
addition of SCF did not promote proliferation, c-kit mis-
expression conferred on retinal progenitor cells the ability to
respond to SCF, resulting in promotion of proliferation and
induction of nestin expression. These results indicate that
prolonged c-kit signaling inhibits cell cycle exit and cell
differentiation. As a reason for the lack of response to SCF in
the absence of ectopic c-kit expression in explant cultures, we
surmise that the signaling for the activation of proliferation of
retinal cells is fully saturated by growth factors supplied by the
factor-rich explant medium. However, at stages after P5, at which
time endogenous c-kit expression was lost and endogenous
proliferation had also deceased, additional SCF may be effective
to induce proliferation. On the other hand, these results also
indicate that the c-kit expression level is critical for the response of
retinal progenitor cells to SCF. The importance of the level of
EGF receptor expression for the regulation of cell fate has also
been reported. For example, the introduction of EGF receptor
into progenitor cells reduced the concentration of TGF-α
required for the promotion for Muller glia cell differentiation
(Lillien, 1995). Although additional EGF receptor signaling
promoted the differentiation into Muller glial cells, it did not
enhance the proliferation of progenitor cells (Lillien, 1995). This
response is contrary to the response to SCF, which enhanced
proliferation. Therefore, EGF and SCF appear to activate
distinct signaling pathways in retinal progenitor cells. So far,
many extrinsic cues have been reported to promote the
proliferation of retinal progenitor cells. However, the down-
stream events triggered by them in retinal progenitor cells have
not been well investigated. Extrinsic cues of Notch were shown
to induce aberrant proliferation of retinal progenitor cells (Bao
and Cepko, 1997), a phenotype similar to that observed in c-kit
activation. As c-kit expression is positively regulated by Notch
signaling, the phenotype observed in Notch activation could be
in part due to activation of c-kit signaling. We found a MAPK
signaling pathway to be a downstream event of c-kit signaling
in retinal progenitor cells. The EGF receptor is also reported to
activate MAPK signaling pathway in various cell lines. As the
EGF receptor and c-kit regulate retinal progenitor cells in a
distinct manner, additional signaling pathways are probably
involved in c-kit signaling.
Physiological role of c-kit in mouse retinal development
We asked a question as to whether or not c-kit signaling
plays essential physiological roles in retinal development by
using W/W mice which carry mutated c-kit gene that results in
non-functional c-kit expression (Hayashi et al., 1991). As the c-
kit signal is required for hematopoiesis, the W/W (homozygous)
mouse is lethal after birth. To examine the role of c-kit in
postnatal retinal development, we prepared explant culture from
embryonic day 17 W/W mouse retinas and cultured them for
14 days in vitro. By immunostaining, we found that all 6 retinal
cell types developed normally in the W/W mouse-derivedretinal explant (data not shown). This result suggests that the c-
kit signal was not essential for generation of retinal cell types
under in vitro conditions. However, the size of the eye of P6 W/
W mice was smaller than that of normal littermate (data not
shown). As exogenous SCF did not induce proliferation or bias
differentiation, we surmise that the SCF-c-kit signal plays a
permissive role in combination with other growth factors in
retinal development, resulting in a smaller size of the eye in
these mice. However, since postnatal W/W mice showed severe
anemia, we cannot exclude the possibility that the small eye is a
secondary effect of the anemia.
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